Fatigue cracking is one of the most common failure modes of various load-bearing structures. Even though sensors of many different types have been developed for crack detection, very few can monitor crack growth with a high sensitivity. This paper presents an antenna sensor that is capable of monitoring the growth of fatigue cracks with a sub-millimeter resolution. According to microstrip patch antenna theory, the resonant frequencies of a dual-frequency patch antenna are inversely proportional to the electrical lengths of the corresponding antenna radiation modes. The presence of a crack in the ground plane or the elongation of the antenna patch due to crack opening increases the electric length, thereby causing a shift in its corresponding resonant frequency. As a result, crack propagation and opening can be monitored from the resonant frequency shifts of the patch antenna. The patch antenna's capability of monitoring crack growth was validated using fatigue testing of a compact tension specimen. The specimen preparation, sensor fabrication, and experimental procedure are presented. The experimental results demonstrated that the corresponding resonant frequency of the antenna sensor shifted linearly with crack growth. On average, 1 mm crack growth caused the antenna frequency to shift by 22.1 MHz. The orientation of the crack and the effect of crack closure on the resonant frequencies of the antenna sensor are also discussed.
Introduction
With the aging of the US infrastructure, many aerospace and civil structures are frequently kept in service beyond their original designed life. To extend the useful life of these structures and ensure their safe operations, one of the common approaches is to perform more frequent inspections and maintenances. However, the inspections and maintenances of these systems involve vast amount of resources in terms of labor cost, materials, and loss of revenues due to down times. It is therefore of significant financial benefits to incorporate appropriate structural health monitoring (SHM) systems on these structures, which rely on embedded sensors to provide information on the structural integrity of the components. These sensors can be interrogated periodically or continuously, depending on the applications.
Despite the fact that engineering components and structures are carefully designed against fatigue failures, 50-90% of mechanical failures are due to fatigue crack development (Foong et al 2006) .
A large number of SHM techniques have been developed for crack detection. One of the most popular crack detection schemes is the ultrasound-based non-destructive evaluation technique (Shan and Dewhurst 1993 , Giurgiutiu and Bao 2002 , Chang and Ihn 2004 , Shin and Rose 1998 . By studying the interactions between a propagating ultrasonic wave and the crack, crack detection over a relatively large area using a few ultrasonic actuators/sensors can be achieved. In addition, the ultrasonic waves generated by crack propagation, i.e. the acoustic emission (AE) signals, were also investigated for crack detection and localization (Hamstad et al 2002) . Extracting quantified crack information such as the size and orientation of the crack based on ultrasound inspections is very challenging. In addition, separating crack effects from other interference sources (temperature fluctuations, reflections from structure discontinuities, and noises etc) is another big challenge of using ultrasound-based mechanisms for crack detection (Yu and Giurgiutiu 2005 , Chen et al 1999 , Volkovas and Dulevicius 2006 , Shigeishi et al 2001 , Rizzo et al 2009 ). An alternative approach for crack detection is to scan a transient eddy current inspection probe using Hall sensors over the structure surface (Smith and Hugo 2001) . The lift-off distance between the probe and structural surface has a strong influence on the signal strength. Therefore, maintaining a constant lift-off distance during inspection is critical. Moreover, crack inspections using a probe cannot access hard-to-reach areas.
One of the characteristics of fatigue cracks is that they grow slowly and the components containing fatigue cracks can operate safely until the fatigue crack reaches a critical crack length. Therefore, it is desirable for the SHM systems to not only detect the fatigue cracks but also be able to monitor their growths. The most promising SHM sensors that have the capability to provide quantitative crack growth information are the distributed sensors that can be either surface mounted or embedded in the structures. Fiber Bragg strain sensors are frequently used to obtain distributed strain information in composite materials (Sekine et al 2006, Sliva-Munoz and Lopez-Anido 2009) . Crack propagation changes the strain distribution and thus can be detected by these strain sensors. Strain sensors, however, do not provide direction information about the crack. Therefore, either a detailed model of the structure under monitoring or a based-line strain distribution of the undamaged structure must be known. The crack location and length can then be inversely determined from the differences between the measured and the 'expected' strain fields. This task alone is not trivial and the solution may not be unique, which could lead to false identifications. Crack monitoring sensors that can provide direct crack information relies on the physical contact between the sensor and the crack. One of such sensors is the comparative vacuum monitoring (CVM) sensors (Wheatley et al 2005) . It is developed on the principle that a small volume maintained at a low vacuum is extremely sensitive to any ingress of air and is thus sensitive to any leakage that is caused by crack development. CVM sensors consist of fine galleries of low vacuum alternating with galleries at atmosphere. If a crack develops, air will flow through the passage created from the atmosphere to the vacuum galleries. The spatial resolution of the CVM sensors is determined by the spacing between air and vacuum galleries. In order to achieve a large inspection area and a fine spatial resolution, a large number of galleries may be needed. This might cause difficulties on interfacing the interrogation unit with the embedded sensors. Another direct crack monitoring sensor is the meandering winding magnetometer (MWM) developed by JENTEK Sensors, Inc. (Vladimir et al 2001) . The MWM sensor performs a standard eddy current inspection to detect cracks within the sensor footprint area. To achieve a balance between the crack detection sensitivity and the inspection area, multiple sensing elements in a parallel architecture was employed. Because each sensing element requires an electric connection for signal transmission, the cable size becomes large as the number of sensing element increases. In weight-sensitive applications, such as for fighter jets, the added weight may become undesirable. Since direct crack monitoring sensors require the sensor to be placed at the vicinity of the crack, it would require a large number of densely distributed sensors to detect cracks at unknown locations. A research strategy that can scale up these sensors without introducing additional weight and complexity is needed. This paper presents an innovative crack monitoring sensor that can be easily multiplexed to form large scale sensor network (Tata et al 2009) . This flexible, low profile, and conformal crack monitoring sensor is based on the effect of crack growth on the resonant frequencies of a microstrip patch antenna. Since the crack length information is directly encoded in the resonant frequencies of the antenna sensor, no data processing or calibration is needed once the crack growth sensitivity of the antenna sensor is established. With a simple microstrip line connected to the sensor, we have demonstrated that the antenna sensor can detect crack growths of less than 1 mm over a length span of 14 mm. Compared to the aforementioned surface mounted crack detection sensors, the antenna sensor has a simpler configuration, a lighter weight, and a lower cost. More importantly, we have demonstrated a wireless interrogation technique that can interrogate the sensor from a distance of 1.3 m away . Since the sensor can operate without any external wiring, it is straightforward to multiplex the sensors into a large sensor network that can monitor crack growth without a priori knowledge of the crack locations and orientations.
In this paper, we explain the operational principle of the antenna sensor first, followed by discussing the antenna design, fatigue specimen design, and sensor fabrication. Fatigue testing of pre-cracked compact tension (CT) specimens with the antenna sensor is then described. Detailed analysis of the experimental results is presented.
Principle of operation
The antenna sensor, having the same configuration as a microstrip patch antenna, consists of three components: a flexible sheet of dielectric substrate, an antenna patch printed on one side of the substrate, and a ground plane coated on the other side of the dielectric substrate (see figure 1(a)). The ground plane and the antenna patch are both made of conductive metals. They form an electromagnetic (EM) resonant cavity whose radiation characteristics can be represented by the S 11 curves shown in figure 1(b). The two important parameters describing the performance of the antenna are the resonant frequency and the return loss. The resonant frequencies are the frequencies at which the return loss is a local minimum, as marked in figure 1(b). The return loss at a particular antenna frequency indicates the radiation efficiency of the antenna. For a rectangular antenna patch, the antenna can radiate at two fundamental radiation modes; the radiation mode whose electric field is parallel to the geometric length of the patch is denoted as the TM 01 mode while the radiation mode whose electric field is parallel to the width direction of the antenna patch is denoted as the TM 10 mode. Corresponding to these two radiation modes are the two resonant frequencies, i.e., f 01 and f 10 frequency. The resonant frequency of each radiation mode is related to the corresponding patch dimension that is parallel to its electrical field, which can be calculated as (Bhartia et al 1991) 
where c is the velocity of light in vacuum, ε re is the effective dielectric constant of the substrate, and L oc is the line extension. For an antenna with a perfectly conductive ground plane, the electric length L e of the antenna is defined as the geometric dimension of the antenna patch that is parallel to the current flow of the radiation mode. Therefore, L e for the f 01 frequency is the geometric length of the antenna patch while L e for the f 10 frequency is the geometric width of the antenna patch. Based on equation (1), the resonant frequency of a patch antenna is inversely proportional to its electric length for a perfectly conductive ground plane. For an imperfect ground plane, however, the resonant frequency of the patch antenna also depends on the conductivity of the ground plane. When a crack is introduced along the length direction of the antenna patch, for example, it partially cuts off the current flow along the width direction and forces the current to flow around the crack ligament. This increases the electric path of the TM 10 mode and thus reduces the f 10 frequency. The amount of reduction in the f 10 frequency is determined by the overlapping length between the crack and the antenna patch. In addition to detecting the crack length underneath the antenna patch based on the conductivity loss of the ground plane, the antenna sensor can also measure the opening of the crack. Because crack opening by an external tensile load will elongate the antenna patch bonded on top of it, this effectively increases the geometric width of the antenna patch, resulting in a decrease of the f 10 frequency. Therefore, by monitoring the change of the antenna f 10 frequency, both the growth and the opening of a length directional crack can be measured. A length directional crack will cause very small disturbances on the current flow of the TM 01 mode. A width direction crack will have reversed effects on f 10 and f 01 . Since a crack with a given orientation influences these two resonant frequencies of the antenna sensor in two different ways, the orientation of the crack can be determined by monitoring both resonant frequencies. 
Sample design and fabrication
To characterize the antenna sensor's performance for crack monitoring, the antenna sensor was bonded on a pre-cracked CT specimen made of Aluminum alloy 7075-T6. Cyclic loading was then applied to propagate the crack and the resonant frequencies of the antenna sensor were measured at different crack lengths. The CT specimen, as shown in figure 2, was designed and machined per ASTM standard E647-00. After machining, the CT specimen was polished using 400, 600 and 1500 grit sand papers to smoothen the surface. The polished CT specimen was subjected to a 5 Hz cyclic loading to introduce a 0.125 inch pre-crack. The antenna patch was designed by selecting the desired resonant frequencies and a substrate with a known dielectric constant ε r . The geometric length of the antenna patch is calculated from the selected resonant frequency f 10 based on equation (1)
The effective dielectric constant ε re is calculated from the dielectric constant ε r and the thickness h of the substrate and the electric width of the patch w e , i.e.
and the line extension L oc is related to the effective dielectric constant ε re , the substrate thickness h and the electric width w e as
Similarly, the geometric width of the antenna patch is calculated from the selected resonant frequency f 01 , i.e.
where the line extension w oc is calculated from equation (4) by replacing w with L. For a 50 μm thick polyimide substrate with a relative permittivity of 3.4, a dual-frequency patch antenna which resonates at 7.5 and 6.5 GHz should have a length of 0.495 inch and a width of 0.574 inch. To simplify the manufacturing process, the patch dimensions were rounded up to be 0.6 inch in length and 0.5 inch in width, which results in a patch antenna with resonant frequencies f 01 = 7.45 GHz and f 10 = 6.21 GHz. The antenna sensor was fabricated by directly bonding a rectangular dielectric substrate (Kapton HN, 50 μm in thickness, 2 inch × 1.5 inch) on the pre-crack specimen using superglue. To ensure a good bonding, the surfaces of the Kapton film were slightly sanded. A 66 μm thick copper strip (3 M 118, 0.6 inches long and 0.5 inches wide) was then bonded on top of the Kapton film. The copper strip was oriented in such a way that the pre-crack was aligned with the center line of its width direction and the crack tip is at a distance of 0.1 inch away from the patch. Since the CT specimen itself is conductive, it also serves as the ground plane for the antenna sensor. This construction resulted in a highly flexible, low cost, robust, and conformal antenna sensor. The antenna sensor can be excited contactly using a microstrip feed line or non-contactly using a horn antenna . Since this paper is focused on understanding the effects of the crack on the resonant frequencies of the antenna sensor, we used the microstrip feeding method. A 1 mm wide microstrip feed line, made of the same copper film, was bonded next to the antenna patch. Conductive epoxy was dabbed on the patch/feed line interface to improve the electric connection between the patch and the feed line. To facilitate connecting a SMA connector to the feed line, the CT specimen was designed and machined with two screw holes at the edge. After fabricating the patch antenna, the SMA connector was mounted on the CT specimen with its pin touching the end of the microstrip feed line. Figure 3(a) shows the antenna sensor/SMA connector assembly. The location of the antenna sensor was marked on the opposite side of the CT specimen. To facilitate measuring the crack length using a digital camera, reference marks with a separation of 2 mm were also drawn on the specimen. A digital image of the CT specimen with the antenna patch position and the reference marks is shown in figure 3(b) . Mark 0 indicates the edge of the antenna patch that is closest to the tip of the pre-crack. After the antenna fabrication, the S 11 curve of the antenna sensor was measured. The antenna sensor displayed two resonant frequencies with f 10 = 8.6 GHz and f 01 = 6.1 GHz (see figure 4) . The 1 GHz discrepancy between the measured and designed resonant frequency was probably due to the additional capacitance introduced by the SMA connector. Since the crack is perpendicular to the width direction of the antenna patch, it is expected that the f 10 frequency should shift to a lower level when the crack grows underneath the antenna patch.
Experimental design and testing procedure
Based on the ASTM standard E647-00, the crack growth rate for a CT specimen has to be greater than a threshold value of 10 −8 m/cycle and the load ratio R = P max /P min can be taken anywhere between 0 and 1. Curve fitting the experimental data provided (Skinn et al 1994) , we found the relationship between the crack growth rate (da/dN) and stress intensity factor range ( K ) for Al 7075-T6 is log(da/dN) = 0.58 log( K ) − 8.5012.
Assuming the pre-crack is 0.125 inch in length, K is calculated to be 40 661 psi-inch 1/2 for a crack growth rate of 10 −8 m/cycle. The stress intensity factor of a CT specimen subjected to an external load P is given as (Grandt 2003 )
where W is the specimen width, B is the specimen thickness, and α is the ratio between the crack length a and W . Selecting a load ratio R = 0.5, the maximum and minimum loads are calculated from the selected K to be 620 and 310 lbs. Since the stress intensity factor increases with the crack length a, the crack growth rate will always be greater than the required threshold value as the crack grows. The experimental setup to propagate the crack using fatigue cycling is shown in figure 5 . The CT specimen was subjected to a fatigue loading (5 Hz loading frequency, P max = 620 lb, and R = 0.5) using a close-loop servo-hydraulic MTS machine. During the fatigue test, a Vector Network Analyzer (VNA) (Rohde & Schwarz, ZVA 24) was connected to the antenna sensor via the SMA connector and the S 11 curves of the antenna sensor at different crack lengths and different loading levels were measured. The VNA was programmed to acquire the S 11 curves from 5 to 10 GHz with a frequency resolution of 1.25 MHz (4000 data points over 5 GHz). A CCD camera was placed facing the opposite side of the antenna sensor. The digital images were acquired by a computer and displayed on a monitor to observe the crack propagation. Whenever the crack reached a reference mark, the fatigue loading was paused and the S 11 curves of the antenna sensor under different loads were recorded. After taking the measurements, the fatigue loading was resumed until the crack reached the next reference mark and the measurements were repeated. The experiment was terminated when the crack spanned the entire length of the antenna patch.
Experimental results and analysis
The S 11 curves of the antenna sensor around the f 10 frequency at different crack tip locations and loads are shown in figure 6(a). The curves of the same color were measured at a particular crack length under loads ranging from 100 to 600 lbs. The rightmost set of curves in figure 6(a), i.e. the blue curves, was measured when the crack tip was exactly under the left edge of the antenna patch, which means there was no overlap between the crack and the antenna patch. Each subsequent shift of the curve set to the left corresponds to a crack propagation of 2 mm. The leftmost set of curves represents the S 11 curves when the crack tip is at the right edge of the patch, i.e. the crack has propagated through the entire length of the antenna patch. It took 97 000 fatigue cycles for the crack to propagate to this point. The f 10 frequencies of the antenna sensor as identified from the S 11 curves are plotted versus the crack tip locations in figure 6(b) . The tip locations were measured from the left edge of the antenna patch, i.e. the tip location values are also the overlapping lengths between the antenna patch and the crack. As expected, the f 10 frequency shifted linearly toward the lower frequencies when the crack length increased. The effect of loading, i.e. crack opening, on the f 10 frequency was relatively small compared to the effect of conductivity loss due to the crack growth. This indicates the crack growth can still be detected and monitored even if the external load were not monitored during the measurement. When the specimen was unloaded, i.e. at zero loading, the f 10 frequencies measured were very different from those when the specimen was under loading. If the antenna patch covers only a small portion of the crack tip, e.g. the overlapping length between the crack and the antenna patch is less than 4 mm, the f 10 frequency returned back to its original position after the specimen was unloaded. This is probably because the crack opening under the antenna sensor was relatively small and the crack closed up completely after unloading. As the crack length increased, however, the shift of the f 10 frequencies was partially irreversible. This could be caused by partial crack opening due to crack surface roughness, the patch antenna substrate getting pinched between the crack surfaces, or the plastic deformation of the patch antenna sensor. Therefore, the crack can still be detected by the antenna sensor even at zero loading if the overlapping length between the crack and the antenna patch is long enough. The sensitivity of the antenna sensor to the crack growth can be determined more precisely based on the S 11 curves obtained at different crack RF shift (GHz) Figure 6 . Effect of crack growth and external loads on f 10 frequency of antenna sensor; (a) shift of S 11 curves with crack growth; (b) f 10 frequency versus crack tip location. Figure 7 . Effect of crack growth on f 10 frequency under a 300 lb load; (a) shift of the S 11 curves with crack growth; (b) linear relationship between f 10 frequencies and crack tip locations. tip positions when the specimen was subjected to the same load, e.g. 300 lbs, as shown in figure 7 . Based on the linear relationship between the f 10 frequencies and the crack tip locations established in figure 7(b) , the crack growth sensitivity of the antenna sensor was estimated to be 22.1 MHz mm −1 . The crack sensitivities obtained at other loadings had similar sensitivity values. Since the frequency resolution we used in the measurement is 1.25 MHz, the antenna sensor can easily achieve crack detections with a sub-millimeter resolution.
RF shift (GHz)
The effect of crack opening on the f 10 frequency of the antenna sensor is studied at a fixed crack length under different external loads, as shown in figure 8 . The relationships between the f 10 frequency shifts and the loading levels are not necessary linear and could be dependent upon the crack tip locations. These behaviors can be explained by the phenomenon of crack closure. Crack closure refers to the physical phenomenon where fatigue crack surfaces are not completely separated until the external tensile load reaches a threshold value (Grandt 2003) . It is worth noting that crack closure is limited to the portion of the crack surfaces that is very close to the crack tip. The crack surfaces that are far away from the crack tip separate immediately when an external load is applied to the specimen. The crack surfaces near the crack tip, however, may remain closed due to plastic wakes or surface roughness. As we can see from figure 6(b), an initial large frequency drop was observed when the load is applied to the specimen. This is mainly due to the conductivity loss at the crack surfaces that are far away from the crack tip. Subsequently load increases only reduced the f 10 frequency slightly. However, the small shift of the f 10 frequency with external load provides some insights on the crack closure phenomenon. When the antenna patch covers a short portion of the crack tip, e.g. the crack tip is located at 2 mm into the antenna patch, crack closure dominates the f 10 frequency shift with increasing loads. As shown in figure 8(a) , when the CT specimen was subjected to loads less than 200 lbs, the crack tip was mostly closed, causing little changes in the antenna's f 10 frequency. When the load was increased to 300 lbs, a sudden drop of the antenna f 10 frequency occurred, indicating the crack opening threshold has been reached. Subsequent load increases beyond 300 lbs did not change the f 10 frequency much since the elongation of the antenna sensor was very small. As the crack length covered by the antenna patch increased, however, the effect of crack closure on the f 10 frequency decreased while the effect of antenna patch elongation increased, especially at high loading levels. As shown in figure 8(b) , the antenna frequency shifted consistently lower with the increasing loads when the overlapping length between the crack and the antenna patch was 6 mm, i.e. the crack tip was located at the center of the antenna patch. The crack closure effect is still visible since the shifts of the f 10 frequency at lower loads were much smaller than those at higher loads. Again, we estimated that the threshold for crack opening was around 300 lbs since the f 10 frequency-load relationship displays a constant slope after the load was increased beyond 300 lbs. The phenomenon of crack closure, however, is strongly dependent on material microstructures and the crack surface roughness around the crack tip (Grandt 2003) . Therefore, its effect changes from one crack tip location to the other. For example, when the crack/antenna overlapping length is 12 mm (see figure 8(c) ), the effect of crack closure is almost negligible since the f 10 frequency shift was linearly proportional to the load increases. After a mere 2 mm of crack growth, at a crack tip location of 14 mm, the frequency-load relationship is similar to that when the crack tip location was 6 mm, even though the amount of f 10 frequency shift was larger for the longer crack (see figures 8(b) and (d)). Since crack closure plays an important role in crack growth retardation, the antenna sensor's capability to monitor crack closure may provide important monitoring data for crack growth prognosis.
To evaluate the effect of crack growth on the f 01 frequency, i.e. the antenna frequency along the length direction, the S 11 curves of the antenna sensor as well as its f 01 frequencies at various crack tip positions at a particular load (300 lbs) are plotted in figures 9(a) and (b). Unlike the f 10 frequency that decreased linearly with the crack growth, the f 01 frequency increased with the crack growth. Moreover, the relationship between the f 01 frequency and the crack tip locations are not linear at all. Instead, there is a considerable increase on the f 01 frequency when the crack tip crossed the left and right edge of the antenna patch while the f 01 frequency remained relatively constant when the crack was propagating underneath the antenna patch (see figure 9(b) ). This phenomenon can be explained by the current density pattern of the TM 01 radiation mode as shown in figure 9(c) (Horng et al 1994) . For the TM 01 radiation mode, the current density is much higher at either edge of the patch and is constant in the interior of the antenna patch. The high current density regions appear to be corresponding to the high crack sensitivity of the f 01 frequency. Because the effects of the crack on the f 01 and f 10 frequencies are entirely different, we would be able to determine the orientation of the crack even if the crack orientation were not known in advance. In addition, the f 01 frequency also gives a strong indication on when the crack tip reaches the antenna patch and when it propagates through the antenna patch. The sudden increases in f 01 frequency could serve as references to determine the exact location of the crack tip. In some cases, the crack may change its direction after it is below the patch. This sudden increase in f 01 frequency can also indicate if the direction of the crack changes.
In this paper, only a crack that is parallel to the length direction of the antenna patch is studied. A crack that is parallel to the width direction of the antenna patch should have similar effects, except that its effects on the f 01 and f 10 frequencies are reversed. Preliminary simulation results indicated that the propagation of a slanted crack, e.g. a crack that is at an angle of 45
• to one direction of the antenna patch, cuts the current flow of both radiation modes and therefore causes linear shifts of both antenna frequencies. Unfortunately, we were not able to do experiment on a slant crack because of the mounting of the SMA connector. With the development of a wireless technique to interrogate the antenna sensor remotely, we will be able to experimentally verify the effects of the crack orientation on the antenna resonant frequencies in the near future.
We envision using the antenna sensor in two ways: (1) to monitor the growth of a detected crack; and (2) to detect unknown cracks and subsequently monitor their growth. The first case had engineering relevance because many structures remain in service even after a crack is detected. To ensure that the crack does not reach the critical crack length, the growth of the crack needs to be monitored closely. The antenna sensor will be a good candidate for this purpose as an alternative to manual inspections. For the 2nd application, a distributed sensor network with multiple antenna sensors will be needed. The development of the wireless interrogation technique will enable the implementation of such a sensor network in the future.
Conclusions
A crack monitoring sensor based on patch antenna technology is presented in this paper. The interactions between the crack and the resonant frequencies of the antenna sensor were studied using fatigue cycling of a CT specimen. We demonstrated the linear relationship between the crack growth and the corresponding resonant frequency of the antenna sensor. The crack orientation can be determined by monitoring both resonant frequencies. In addition, the shift of antenna frequency with the external load at a fixed crack length may provide important information for crack growth prognosis. The antenna sensor was able to sustain cyclic loadings up to 97 000 cycles.
